Dynamin is a large GTPase that mediates plasma membrane fission during clathrin-mediated endocytosis. Dynamin assembles into polymers on the necks of budding membranes in cells and has been shown to undergo GTP-dependent conformational changes that lead to membrane fission in vitro. Recent efforts have shed new light on the mechanisms of dynamin-mediated fission, yet exactly how dynamin performs this function in vivo is still not fully understood. Dynamin interacts with a number of proteins during the endocytic process. These interactions are mediated by the C-terminal proline-rich domain (PRD) of dynamin binding to SH3 domain-containing proteins. Three of these dynamin-binding partners (intersectin, amphiphysin and endophilin) have been shown to play important roles in the clathrinmediated endocytosis process. They promote dynamin-mediated plasma membrane fission by regulating three important sequential steps in the process: recruitment of dynamin to sites of endocytosis; assembly of dynamin into a functional fission complex at the necks of clathrin-coated pits (CCPs); and regulation of dynamin-stimulated GTPase activity, a key requirement for fission.
Introduction
The large GTPase dynamin belongs to a family of proteins that mediate various membrane-remodeling events in the cell. Dynamin is best characterized by its role in plasma membrane fission during clathrin-mediated endocytosis [1] . Other members of the dynamin family mediate additional membrane fission and fusion events in the cell, including the fission and fusion of mitochondrial membranes (dynamin-related protein 1 [Drp1], optical atrophy 1 [Opa1] and mitofusin), peroxisome fission (Drp1), and endoplasmic reticulum fusion (atlastin) [2] . All members of the dynamin family contain a G domain that binds and hydrolyses GTP and a stalk domain that promotes self-assembly [3, 4] . Dynamin also contains a pleckstrin homology (PH) domain and a PRD. These unique domains almost certainly convey the specific function of dynamin in the cell. The PH domain preferentially binds phosphatidylinositol 4,5-bisphosphate (PIP 2 ) [5] , a lipid enriched in the plasma membrane [6] , which is believed to function as a key signaling molecule for the recruitment and assembly of the clathrin machinery [7] [8] [9] . The PRD provides a platform for dynamin partners to bind via SH3-binding motifs [10] [11] [12] [13] [14] . In recent years, a concerted effort has been made to identify the molecular mechanisms that govern dynamin's role in membrane fission. This review will discuss current models of how the GTP hydrolysis cycle of dynamin drives fission during clathrin-mediated endocytosis, and how dynamin-binding partners may regulate this process.
Dynamin recruitment to sites of endocytosis

SH3 domain-containing endocytic accessory proteins
The recruitment of dynamin to sites of endocytosis is dependent on its PRD [12] . Dynamin interacts with a number of endocytic accessory proteins through several SH3-binding motifs located in the PRD [10] [11] [12] [13] [14] . Three SH3 domain-containing binding partners of dynamin have been shown to play a role in recruiting dynamin to CCPs on the plasma membrane, intersectin [15] [16] [17] [18] [19] , amphiphysin [20] [21] [22] [23] [24] [25] and endophilin [24, 26] (Figure 1 ). SH3 domain-containing proteins are the bestcharacterized members of a growing family of proteinprotein interaction modules [27] . They recognize proline-rich sequences in a large number of otherwise structurally and functionally diverse proteins. SH3 domains contain a negatively charged pocket that binds proline-rich sequences. These interactions have fairly low affinity and moderately low specificity [28] . It is not uncommon for proteins to have several SH3 domains linked in tandem, suggesting that SH3 domain-containing proteins are capable of mediating the formation of large protein complexes with high rates of assembly and disassembly, like the endocytic machinery. For example, the dynamin-binding partner intersectin contains several SH3 domains that interact with dynamin [15, 19, [29] [30] [31] [32] , synaptojanin [33] , and the actin network [29, 31, 34, 35] .
Intersectin, an endocytic scaffolding protein In neuronal cells, clathrin-mediated endocytosis is required for synaptic membrane recycling. Upon stimulation of nerve terminals, the Ca 2+ -dependent phosphatase calcineurin dephosphorylates dynamin and other endocytic proteins (amphiphysin, epsin, eps15 and synaptojanin) [36] [37] [38] , which leads to their recruitment to sites of vesicle recycling [15, 19, 26, 39] . In neuromuscular junctions of Drosophila, the intersectin homologue Dap160 has been shown to regulate this recruitment of dynamin and other endocytic proteins (endophilin, synaptojanin and AP180) [16] [17] [18] [19] . Intersectin also interacts with components of the actin network [29, 31, 34, 35] , which suggests that it functions as a scaffold to regulate the recruitment of both the endocytic machinery and the actin network to sites of endocytosis. It has also been shown that actin may be directly involved in regulating the endocytic process [40] [41] [42] [43] [44] [45] , and recent studies show that its function is tightly coupled to that of dynamin [46, 47] .
Assembly of dynamin at the necks of coated pits BIN/amphiphysin/Rvs domain-containing proteins and dynamin assembly Dynamin co-localizes with intersectin, endophilin, and amphiphysin on clathrin-coated budding vesicles [16, 19, 45, [48] [49] [50] [51] . In addition to SH3 domains, endophilin and amphiphysin also contain BIN/amphiphysin/Rvs (BAR) domains. BAR domain-containing proteins mediate membrane sensing and curvature via homodimerization [52] [53] [54] . Depending on the shape of the BAR domain dimer, these proteins sense and promote either positive (N-and F [FCH]-BAR proteins) [55] [56] [57] [58] [59] [60] , or negative curvature (I[inverse]-BAR proteins) [61, 62] . BAR domains bind the membrane via electrostatic interactions with lipid head groups. N-BAR proteins contain an amphiphatic helix in their N-terminus (hence the name N-BAR). This helix inserts into the lipid bilayer and may play a role in sensing membrane curvature [55, 57] . N-BAR proteins promote high curvatures [55, 57, 59, 60] , while proteins containing F-BAR domains have been shown to stabilize more shallow membrane deformations [56, 63, 64] . It has been shown that the F-BAR proteins FCHo (F-BAR domain-containing Fer/Cip4 homology domain-only protein) [65] and FBP17 (formin binding protein 17) [66] are recruited at early stages of CCP formation along with the clathrin adaptors epsin [67, 68] and AP180 [68, 69] , suggesting that they mediate initial membrane curvature at the sites of clathrin assembly. The membrane neck may then be subsequently narrowed and stabilized by the higher curvature-generating N-BAR proteins endophilin and amphiphysin. This suggests that, following the recruitment to the sites of endocytosis, SH3/BAR domain-containing binding partners of dynamin are continuously involved in promoting dynamin-mediated fission.
BAR domain proteins as membrane templates for dynamin
Once recruited to sites of endocytosis, dynamin must assemble on the necks of CCPs to mediate the release of vesicles. Proper assembly is crucial for dynamin to perform its function. It has been shown that dynamin preferentially binds to high membrane curvature, such as lipid nanotubes [70] , and the necks of CCPs [15, 26, 39, 71, 72] . In nerve terminals, endophilin and amphiphysin both co-localize with dynamin on constricted CCPs [26] . Injections of antibodies against the BAR domain of endophilin into nerve terminals caused an accumulation of shallow CCPs upon stimulation, and subsequent inhibition of synaptic vesicle recycling, supporting the idea that BAR proteins mediate curvature during CCP formation [73] . Furthermore, when interactions between dynamin and endophilin were selectively perturbed, dynamin failed to localize to CCP necks, despite recruitment to sites of endocytosis [26] . These nerve terminals further failed to maintain synaptic vesicle recycling as evidenced by the accumulation of CCPs, an indication of an inhibition of membrane fission. In cells, the knockdown of both amphiphysin and endophilin decreased the recruitment of dynamin to the plasma membrane and inhibited transferrin uptake [74] . It was further shown in vitro that endophilin facilitated the binding of dynamin to liposomes [26] and clustering of dynamin to giant unilamellar vesicles (GUVs) [74] . Both endophilin and amphiphysin also promoted dynaminmediated vesiculation from large lipid reservoirs on silica beads [75] . In addition, endophilin promoted recruitment of the dynamin mutant I533A, which fails to bind lipid bilayers, suggesting SH3/BAR protein-mediated curvature can overcome the lipid-binding defects of this mutant, and rescue dynamin assembly [75] . Therefore, it is likely that SH3/BAR proteins function as templates for dynamin at the necks of CCPs, generating the perfect curvature for the efficient recruitment of dynamin and subsequent assembly at the necks of CCPs.
PH domain and PIP 2 binding
The PH domain of dynamin binds to lipids, although dynamin recruitment to CCPs is independent of this interaction [24] . The PH domain inserts into the outer leaflet of the lipid bilayer via its variable loop 1, a property that enhances membrane fission [76, 77] . Interestingly, the PH domains from different dynamin isoforms convey different lipid-binding properties [78] . Dynamin 2 (ubiquitous isoform) fails to bind larger liposomes unlike the neuronal isoform, dynamin 1 [75, 78] . This difference in lipid binding is directly related to their PH domains [78] . Dynamin 1 and 2 share the same amino acid sequence in variable loop 1 but differ in one amino acid in variable loop 3 of the PH domain (Y600 versus L600). Switching these amino acids results in a reverse in the fission activity of the proteins. Generation of a dynamin 2 construct expressing the dynamin 1 PH domain increases transferrin uptake, further indicating that lipid sensing by the PH domain is beneficial in the fission reaction [78] . These data suggest that membrane insertion and sensing are conveyed by the variable loop 1 and 3 respectively, and that both of these components are crucial for fission [76] [77] [78] . Also, the addition of endophilin to dynamin 2 "rescues" lipid binding and vesiculation from GUVs, further supporting a role for the SH3/BAR proteins as curvature-generating templates for dynamin [75] .
The exact role of the PH domain is still elusive. It has been proposed that insertion of the PH domain into the membrane may act to modify the composition of the neck by sequestering PIP 2 [79] . There is emerging evidence that BAR proteins also sequester PIP 2 [80, 81] . Endophilin clusters PIP 2 in GUVs [81] and binding to PIP 2 has been shown to facilitate N-BAR protein-mediated curvature [82] , suggesting that modulation of lipid composition (as well as curvature) plays a role in fission. In yeast, variation in the local concentration of PIP 2 along the length of the CCP necks has been implicated in facilitating the actual fission reaction [43] , but yeast lacks dynamin and, as of yet, local variation in the concentration of PIP 2 has not been implicated in dynamin-mediated plasma membrane fission.
Taken together, the evidence suggests that amphiphysin and endophilin act as templates for dynamin recruitment and assembly at the necks of CCPs by providing optimal curvature and that they may be integral parts of a pre-fission complex to regulate the actual fission reaction. A potential role of such a complex may be to sequester PIP 2 at the neck. Formation of a dynamin-SH3/ BAR pre-fission complex may also serve to regulate the GTPase activity of dynamin.
Dynamin-mediated membrane fission
GTP cycling and conformational changes Membrane fission requires dynamin-stimulated GTPase activity [71] that is promoted by G domain dimerization [83] . G domain dimerization stabilizes the transition state of the GTP hydrolysis reaction, a proposed key determinant for dynamin-mediated fission [84] . G domain dimerization only occurs between rungs of the dynamin helix and, therefore, stimulated hydrolysis only takes place in the assembled polymer when there is close opposition between rungs [84] . Therefore, the architecture of the dynamin polymer ensures that assembly and stimulated GTPase activity are tightly coupled. Stimulated GTP hydrolysis contributes to a conformation change in the dynamin polymer, the dynamin powerstroke, in which the three-helix bundle signaling element (BSE) swings down from the G domain core as a result of GTP hydrolysis [84] . It has been suggested that this powerstroke generates the force necessary to sever the membrane and may be responsible for the super-coiling and twisting of dynamindecorated tubes observed in vitro as a result of GTP hydrolysis [85] [86] [87] .
The effect of GTP hydrolysis on the assembled dynamin polymer has been studied for many years. Dynamin assembles on liposomes and forms well-decorated tubes that constrict upon the addition of GTP [87] . These observations led to the postulation that dynamin acts as a mechanochemical enzyme that severs the membrane by force generated from GTP hydrolysis. Three-dimensional reconstructions of dynamin revealed that constriction is mediated by a kink in the stalk domain and assembling into a two-start helix [84, 88] . In the presence of a nonhyrolyzable GTP analogue (GMPPCP) a dynamin mutant, lacking the C-terminal PRD (ΔPRD), decreases the inner luminal diameter of the lipid tube from 20 nm to 7 nm [84, 85, [89] [90] [91] . More recently, it has been shown that a transition-state defective mutant, K44A, trapped in a pre-fission state, constricts the inner lumen to 3.7 nm, reaching the theoretical limit required for spontaneous membrane fission [88] . K44A dynamin mediates this "super-constriction" by adopting a two-start helical symmetry that allows more efficient packing of the dynamin subunits in the polymer. This super-constricted K44A dynamin is trapped in a ground state configuration, suggesting that GTP-binding promotes an initial conformational change in the polymer, prior to hydrolysis. In addition, half of the PH domains are tilted out of the membrane in the super-constricted state, compared to the non-constricted dynamin polymer. This suggests that, upon super-constriction, the PH domain re-arranges its orientation in the outer leaflet of the bilayer that may contribute to the destabilization of the lipid and act to promote fission. Also, in the super-constricted structure, the packing of the dynamin subunits is such that the number of G domain dimer interfaces is significantly higher than in an assembled one-start helix. G domain dimerization is required for stimulated GTPase activity and thus, it's reasonable to assume that a two-start helical symmetry is more favorable for fission. In support of this, wildtype dynamin also assembles into a two-start helix in the presence of GTP, and constricts the membrane to an inner luminal diameter of~4 nm [88] .
In vitro, short scaffolds of dynamin polymers mediate fragmentation of lipid nanotubes in the presence of GTP [92] [93] [94] . Furthermore, it has been suggested that two rungs of a dynamin assembly act as a minimal fission machinery [95] . A recent TIRF (total internal reflection fluorescence) microscopy study shows that, in a majority of scission events observed in cells, the number of recruited dynamin molecules is~26 [46] . Interestingly, this fits well with the number of dynamin molecules that are required for dynamin assembly around a lipid tube.
Exactly how the stimulated GTPase activity of dynamin aims to evoke fission is still unknown. However, it is reasonable to assume that dynamin assembly on the necks of CCPs is followed by a series of conformational changes, super-constriction, the BSE powerstroke, super-coiling and twisting, and re-arrangement of the PH domain, all regulated by the cycling of GTP. Despite recent insights into the structural features of dynamin at various nucleotide states, exactly how these conformational changes contribute to the fission reaction remains to be elucidated.
Three mechanisms for dynamin-mediated plasma membrane fission Currently, three potential mechanisms have been put forward to describe the final dynamin-mediated fission event. Firstly, GTP-driven constriction and relaxation of the underlying membrane (as a result of assembly and disassembly of short dynamin scaffolds) causes the underlying membrane to be severed [92, 94] . Secondly, the GTP-driven constriction of dynamin scaffolds generates torque that acts on areas of the membrane where the difference in curvature is greater (such as the edge of the dynamin scaffold) and the membrane is destabilized to promote fission [93] . Thirdly, PH domain re-arrangement or tilting in the assembled dynamin polymer results in deformation of the lipids, which generates enough energy to overcome the hemi-fission barrier [96] . Although these models are based on single-method studies, and thus each needs to be confirmed by additional techniques, they provide an excellent foundation for future studies. Also these models are most likely not mutually exclusive, and it is plausible that all of these factors work in combination with the GTP-dependent conformational changes described to promote fission. Although these in vitro assays show that dynamin alone can mediate fission, the element of regulation is removed, and hence further studies are necessary to mimic the in vivo environment containing accessory protein and local variations in nucleotide concentration and lipid composition.
Regulation of the fission reaction by SH3/BAR proteins Dynamin co-assembles with both amphiphysin and endophilin in vitro and at late stages of endocytosis, indicating that these proteins may be involved in regulating the actual fission reaction [26, 97] . The GTPase activity of dynamin is influenced by many factors, namely lipid binding, self-assembly and the binding of SH3 proteins to the PRD [5, [98] [99] [100] [101] . The localization of the PRD within the assembled dynamin polymer is unclear. However, recent evidence suggests that the PRD localizes at the surface of the assembled dynamin polymer, in close proximity to the G domain [88] . Intriguingly, a conserved region of the G domain most proximal to the putative PRD location is only present in dynamin family members containing a PRD. The close proximity of this region of the G domain to the PRD suggests a possible physical link between the two domains. This indicates that SH3/ BAR proteins may influence the GTPase activity of the assembled dynamin polymer at late stages of endocytosis. Both amphiphysin and endophilin have been shown to influence the fission activity of dynamin in vitro [74, 75] . Therefore, SH3/BAR proteins may act as curvatureinducing templates for dynamin at the necks of CCPs and, hence, either promote fission indirectly by generating optimal conditions for dynamin assembly and stimulated GTPase activity, or directly by interacting with the dynamin polymer during the fission reaction.
Conclusions
The dynamin-binding partners intersectin, endophilin and amphiphysin are crucial in regulating the function of dynamin during clathrin-mediated endocytosis (Figure 2 ). These proteins act throughout the process to facilitate dynamin-mediated fission and to specifically control the sequential steps of recruitment, assembly and stimulated GTPase activity of dynamin. These Dynamin's role in clathrin-mediated endocytosis migrates through the sequential steps of recruitment, assembly and fission. The SH3 domain-containing binding partners intersectin, amphiphysin and endophilin control these steps and thus promote dynamin-mediated fission. Intersectin acts as a scaffold for dynamin and other endocytic proteins, ensuring its recruitment to sites of endocytosis. Amphiphysin and endophilin are BIN/amphiphysin/Rvs (BAR) proteins and generate constriction of the clathrin-coated pit neck that promotes the dynamin assembly into a polymer. The assembled dynamin polymer undergoes GTP-dependent conformational changes that lead to super-constriction of the neck, the bundle signaling element (BSE) powerstroke, re-arrangement of the pleckstrin homology (PH) domain and polymer disassembly all leading to plasma membrane fission.
SH3-containing proteins act as scaffolds to bring dynamin to the sites of endocytosis in cells, and function as membrane templates at CCP necks to provide the optimal curvature for dynamin recruitment and assembly. They may also promote fission reaction by modulating the local lipid environment. Clues to the mechanisms of dynaminmediated fission have evolved in recent years, suggesting that assembly and subsequent conformational changes of short scaffolds, differential membrane curvatures, and tilting of the PH domain all contribute to membrane fission. Based on our current understanding as discussed in this review, future studies in vivo will help further elucidate the function of dynamin during the endocytic process in the cell. There are some questions remaining that will push our understanding of how dynamin mediates fission of the plasma membrane, and also how other members of the family operate. Exactly what is the composition of the minimal fission machinery in vivo? What is the role of the powerstroke and other potential conformational changes brought on by GTP hydrolysis? What is the role of the PH domain? Is fission an active or passive reaction?
Currently, the dynamin field is enjoying an influx of structural data, due to recent advances in the field of cryo-electron microscopy (cryo-EM) and major efforts in crystallography. A new generation of cameras that allow cryo-EM density maps to reach atomic resolution will surely result in a surge of structural information in the coming years and this will ultimately elucidate the intraand inter-molecular organization of the dynamin fission complex. Still, EM and crystallography alone are insufficient to track the dynamic process of fission. Continuous efforts to elucidate the structural characteristics of the dynamin fission machinery are key but must proceed in collaboration with functional studies. Several "live" fission assays have been published recently that shed light on the transient nature of the fission reaction. However groundbreaking, these are limited by the poor resolution of light and fluorescence microscopy, and thus fail to provide high-resolution information about the organization of the fission complex. Efforts to understand the role of dynamin in cells are relying heavily on protein overexpression, which in itself is problematic. A caveat to the multitude of techniques applied to study the fission reaction is the wide variety in lipid templates used. Fission requires the interplay between proteins and lipids, and the use of lipids must influence the setup and thus the interpretations of the data. Consensus must be reached in the efforts to infer mechanisms of fission in vivo from in vitro results. Hopefully, as we embark on a new and exciting era for structural biology, efforts to reconcile observations in different systems and to adopt multidisciplinary approaches will help us to finally unravel the enigmatic role of dynamin in plasma membrane fission.
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